Abstract-In this paper a methodology for optimum design of solar array and battery bank for a solar array-exclusive standalone photovoltaic system using energy balance concept is presented. Long-term data of solar radiation obtained from Malaysian Meteorological Services Department and typical load requirement of a residential house in Malaysia are used. The constraint of system cost function based on loss of power supply probability (LPSP) is implemented using Genetic Algorithms. For a given desired LPSP, the optimum arrangement of solar array and battery bank that gives the minimum system cost is then determined.
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Application of Genetic Algorithms in the Design of a Solar Array-exclusive Standalone Photovoltaic System
Tan Zheng Hong * and Shen Weixiang ** INTRODUCTION Standalone photovoltaic (SPV) system is slowly becoming the new trend for alternative electrical power generation in remote areas, where access to grid-power is restricted. This option is even more viable when it is coupled with the steady progress in renewable energy technologies where renewable energy resources can be utilized much easier than it used to be.
It is not easy to design a SPV system due to the various factors that needs to be taken into considerations such as solar radiation, photovoltaic (PV) panels, energy storage size and load requirements. Fig. 1 shows a standard SPV system. The battery charge controller regulates the power flow within the SPV and protects the battery from being under-discharged or overcharged [1] . The battery unit (or battery bank) is used to store unused energy from power generation blocks (PV panels) or discharge when no energy is supplied from power generation blocks to the load. DC/AC inverter converts DC power into AC power with the same voltage and frequency of normal grid utilities, thus allowing normal AC loads to connect to the SPV system effortlessly.
One of the biggest hindrances of the SPV system's market penetration is its cost. The high capital cost due to technical factors such as hardware inefficiencies and solar source reliability issues has dimmed the light of the benefits of the SPV systems. Moreover, the possible design flaws that lead to over-sizing or under-sizing of the SPV system components further reduce economical benefits of the system.
To curb this problem, researches have been done in the optimal design of the SPV systems. Borowy and Salemah proposed optimal sizing of hybrid wind/PV power systems by calculation [2] , while others suggested genetic algorithm (GA) [3] . PV-Diesel systems optimization using genetic algorithms was proposed by a group of Spain researchers [4] . Zahedi proposed numerical optimization for grid-connected systems [5] . Bartoli and research fellows proposed an analytical model to optimize exclusive PV plants [6] . The ultimate objective of all these researches is to reduce the cost for such PV systems.
In this paper, the application of the GA in the design of the SPV system is presented. The GA has the capability to jump out of local optimum and find a solution of global optimum [7] . This approach has been applied in the design of large power distribution systems and for control design in power systems, showing the advantage of the GA in handling complicated problems of both linear and nonlinear cost functions [8, 9] . The usage of the GA in this research is justified by the number of non-linearity that exists in an SPV design and its high capacity of searching the global optimum cost. This paper will be arranged in the following sections. The mathematical models for the SPV system components are established in section II. The GA concept is introduced in Section II. The sizing of solar-array exclusive SPV system using the GA is presented in section IV. The application example and the results are included in Section V. The conclusion remarks are given in section VI.
II. MATHEMATICAL MODELS FOR THE SPV SYSTEM
the SPV systems, energy storage cost still takes up a large part of the system's financial restrictions. By introducing the concept of Loss of Power Supply Probability (LPSP), the SPV system can be designed by finding the optimum combination of PV arrays and battery band size that meets the desired LPSP while providing the cheapest system Life Cycle Cost (LCC). 
A. Calculation of Solar Energy
It is necessary to allow some degree of inclination to PV panels. This is especially true for non-tracking PV panels to maximize incident solar radiation [10] . The basis idea to estimate the solar radiation incident on a tilted solar panel is to calculate the beam radiation direct from Sun, the diffusion radiation from air-dispersed radiation and albedo radiation from ground surface on the tilted solar panel through the total solar radiation on a horizontal solar panel and then sum them all together. The details are described by Messenger and Ventre [11] .
B. Models of System Components
The sole power generation comes from the solar array, which is formed by grouping PV cells into modules and then into a large PV arrays (Fig. 2) [14] . Normally, the larger the size of solar array, the higher the output power. PV cell performance is affected by its surrounding temperature. It can be considered by using the temperature coefficient of power ȡ with regard to PV cell temperature.
Since it is physically difficult to measure the PV cell temperature directly, the cell temperature can be projected by the solar radiation and the surrounding temperature [12] , ܶ ൌ ܶ ௧ ሺͳ ͳǤʹͷ‫ܪ‬ሻ (1) where T Cell solar cell operating temperature, H solar radiation per day in KW/m 2 .
As temperature increases, the short circuit current of the cells increases slightly while its open circuit voltage decreases significantly. This will reduce the maximum power output of the solar array [13] . Assuming that the charge controller is installed with maximum power point tracker (MPPT), for a given day with Peak Sun Hour (PSH), the relationship between the cell temperature and its generated output per day can thus be expressed as:
where P PVmax maximum output power of solar array under 1000W/m2 solar radiation, t day of the year, T Room solar cell temperature of 25 O C at reference operating conditions, Ș PV PV performance ratio, ȡ temperature coefficient of power.
Lead acid batteries are mainly used in SPV system as energy storage devices. For battery charging and discharging, a model by Borowy and Salemah was adapted. After user load is satisfied, for any excess energy generated by PV panel, the battery is charged with a round-trip efficiency Ș B specified by manufacturer.
where E B (t) battery charge at day t,
load at day t, Ș inv inverter efficiency, Ș wire wiring efficiency.
When energy generated is less than load requirement, the battery discharges with efficiency of 1.
The energy stored in battery at any time is kept within the range of
where E Bmin minimum allowable battery level, E Bmax maximum allowable battery level.
The stage of charge (SOC) can be expressed as the most recent capacity inside battery in relation to the nominal capacity, assumed as 1.
Or it can be defined by the maximum depth of discharge (DOD) of battery, which is set to 80%.
For the purpose of design, the load demand is split to daytime load and night load. This will allow LPSP calculation to be more accurate.
C. Loss of Power Supply
LPSP is used to determine whether a PV array and battery size combination meets the user's minimum load requirements with certain amount of loss expected. Prior to that, the energy generated by PV panel in relation with operating temperature is
where P max maximum power required from PV panel according to load required, T(t) temperature for day t .
Maximum expected battery capacity according to load: The energy comparison process is used and any unmet energy demand will be counted as loss of power supply (LPS), as explained by Markvart [15] . In daytime, if the energy produced E PV (t) is higher than daytime load requirement, the battery will be charged with the excess amount and LPS(t) = 0. Otherwise, if E PV (t) does not meet the daytime load requirement, energy will be drawn from the battery, depending on the state of charge of the battery left from the previous day. If E B (t-1) has a higher SOC than the minimum SOC, then it will discharge to the load until it reaches minimum SOC. Any remaining load that is not met is considered LPS(t). At night, no energy is generated. The night load draws energy from the battery unit. If E B (t-1) left from daytime has a higher SOC than the minimum SOC, then it will discharge to the load until it reaches minimum SOC. Any remaining load that is not met is considered LPS(t).
Therefore, the LPSP is simply the ratio of loss of power supply in a year to the total load requirement for the year. A smaller LPSP value means a more reliable SPV system as more load demand is met. The trade off could be a higher system cost.
where tmax total days in the selected year.
III. GENETIC ALGORITHMS

A. The Concept
The GAs are search methods based on Darwin's natural selection theory, developed by John Holland [16] . They have the ability to solve multi-variable problems with many local optima. The algorithms use operators based on evolution that guide themselves through the search space for solution. This characteristic of GA makes it more flexible and robust than conventional methods.
The GA solution searching does not start from a singlepoint speculation. An initial population of possible solutions is generated randomly, allowing the solutions to expand across the search space [17] . Each of these solutions will then be evaluated according to a predetermined fitness function, which by chance a selected few will exhibit closely to the desired fitness [18] . The promising solutions will be noted and be given higher priority to reproduce, depending on what selection scheme was used for reproduction. The next step is to encode these solutions into modifiable 'chromosomes', which we chose binary representation. Next, genetic operators such as mutation and crossover are applied to create variation in the search space. Darwin's theory says that the new population will have likelihood to have fitter genes than the parents [19] . Therefore, with the condition of sufficient number of feasible solutions in search space and a multi-generation procreation, and by chance, a new generation of offspring will contain solutions that are closer to the final desired fitness for the problem [20] . This whole process is repeated until a preset number of generations are reached, or when the termination criterion is achieved. Fig. 3 shows the flowchart of the GA in pseudo code format [21] . The index i refer to one of the individual solution inside a population of size M. Gen represents the current generation in analysis.
B. Genetic Operators and Selection Scheme
In the GA application, genetic operators are used to increase performance of the GA in space searching. Firstly, each solution is encoded into binary representation. It provides the biggest number of chromosome, thereby increasing the search space due to the large possibilities of transformed solutions.
Crossover permits gene exchange that resembles the sexual reproduction of organic beings. It combines the chromosomes of parents to produce an offspring for the next generation. For this paper, the single-point crossover method is used. A randomly point is selected in each chromosome of parents. Then one solution passes all genes before that point and the other solution for the genes after the point to form the new offspring.
As for mutation, a single-bit mutation is applied and at a much lower frequency. The new offspring is given birth by randomly selecting one gene from a parent and toggles the bit from '0' to '1' or vice versa. By introducing diversity, there is a chance for space searching to jump out from local maxima to an optimized maximum. Selection is one of the most flexible areas in the GA manipulation. Various techniques have been proposed and all of them have their own advantages and weaknesses. These selection techniques are aimed at rejecting less fit solutions and pushing the promising solutions to breed [17] . Also, these methods can be mutually exclusive or can be used together according to the application needs. For the purpose of this research, the Elitist scheme is used; the fittest solution is always selected, as long as there is no new solution that offers a better fitness. The proposed selection method allows further surveys to be made in the search space before convergence without losing the fittest solution.
IV. DEVELOPED ALGORITHM A solar array-exclusive SPV system cost relies heavily on the array and storage battery size. The GA process starts with a randomly generated initial population of array size and battery size. The LPSP of every combination of solar array and battery size solution pair is calculated by the simulations for 365 days. A preset LPSP value is used as the fitness criterion: if the solution pair under analysis is smaller than or equal to the criterion, it will be deemed fit. The system life cycle cost (LCC) of the current solution pair will then be calculated and compared to the most optimized solution pair. This is calculated using The cheapest solution will be selected for final output after the GA process completes; this conforms to the Elitist scheme mentioned previously. Next, a randomly selected genetic operator will be applied to the solution to produce a new solution pair for the next generation. This will repeat until the number of offspring generations reaches preset value. The flowchart of this developed algorithm is presented in Fig. 4 , where P c probability of crossover, P m probability of mutation, P r probability of reproduction/copy.
V. APPLICATION EXAMPLE AND RESULTS To prove the usefulness of the approach, a program which combines the GA and solar array-exclusive SPV design is created.
A. Application Setup
The location of Subang Jaya, Malaysia of Latitude For hardware simulation, solar cell performance ratio is set to 0.95 and solar conversion efficiency at 10%. The battery has round-trip efficiency of 0.9 and the DOD is set to 80%. The LPSP value is set to 0.01; load demand will not be met for 14.4 minutes per day. Inverter size is assumed to be the same as PV panel size at the efficiency of 0.95. C MO is assumed constant for any solution. The load was assumed constant year round for a typical household with 2000Wh at daytime and 500Wh at night.
For the GA, the solar array and battery unit size is coded as binary. The genetic operators used are single-bit mutation, single-point crossover and elitist selection scheme. The initial randomized solution population is generated within upper and lower limits, based on user load requirement and average solar irradiation on inclined PV panels. The values of the GA parameters in all simulation experiments are presented in Table I . Fig. 7 shows the influence by numbe the system's LCC. As shown, number o in the GA analysis has small sig optimization of final solution. With a generations, the population size for e fixed. This means that genetic opera applied to the same number of possible other hand, increment of population number of solutions to subject to muta thus increasing the chance for the glob achieved.
VI. CONCLUSION Application of genetic algorithms i array-exclusive standalone photovoltaic proposed in this paper. The results experiments have proved that the provides good convergence of solutions methodology is feasible. The method g solar array size and battery unit size for power supply probability requiremen system life cycle cost. This paper also shows the effects o parameters. Larger population size leads solutions, while increments of generatio provide significant advantage to GA ana 
